Spin-orbit coupling (SOC) has gained much attention for its rich physical phenomena and highly promising applications in spintronic devices. The Rashba-type SOC in systems with inversion symmetry breaking is particularly attractive for spintronics applications since it allows for flexible manipulation of spin current by external electric fields. Here, we report the discovery of a giant anisotropic Rashba-like spin splitting along three momentum directions (3D Rashba-like spin splitting) with a helical spin polarization around the M points in the Brillouin zone of trigonal layered PtBi 2 . Due to its inversion asymmetry and reduced symmetry at the M point, Rashba-type as well as Dresselhaus-type SOC cooperatively yield a 3D spin splitting with α R ≈ 4.36 eVÅ in PtBi 2 . The experimental realization of 3D Rashba-like spin splitting not only has fundamental interests but also paves the way to the future exploration of a new class of material with unprecedented functionalities for spintronics applications.
Introduction
The generation, manipulation and detection of spin currents are the fundamental aspects of spintronics. The present material realizations for potential spintronics applications are based on spin-orbit coupling (SOC) [1, 2] , which is a relativistic interaction of the electron spin with its motion in a potential. It allows for the removal of spin degeneracy in a non-magnetic material without the use of an external magnetic field. Among different types of SOC, Rashba-type SOC [3, 4] has attracted the most attention since it can be manipulated by external electric fields, which is of central importance for applications in spintronics. In a system with Rashba SOC, each spindegenerate parabolic band splits into two parabolic bands with opposite spin polarization. The band dispersions can be described by E ± (k)=( 2 k 2 /2m * ) ± α R |k|, where m * is the effective mass of the electron and the Rashba parameter α R represents the strength of the SOC. The Rashba-type SOC is usually caused by structure inversion asymmetry (SIA) which stems from the inversion asymmetry of the confining potential [2, 3] .
By contrast, there is other asymmetry in real materials called bulk inversion asymmetry (BIA).
It originates from lack of inversion symmetry in the bulk and yields Dresselhaus-type SOC [5, 6] .
In many materials, these two kinds of SOC couple together, resulting in an anisotropy of spin splitting. Such anisotropy can lead to many interesting phenomena such as a persistent spin helix observed in GaAs low-dimensional systems [7, 8] , long spin relaxation times [9] [10] [11] [12] [13] [14] , new device proposals, and more [15] [16] [17] [18] [19] .
Rashba splitting was first observed by spin-and angle-resolved photoemission spectroscopy (Spin-ARPES) in the Shockley surface state of Au(111) [20] [21] [22] . Many phenomena related to Rashba-type SOC have been studied in a variety of systems . In particular, BiTeI and GeTe gained attention for their giant Rashba splitting in bulk states [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] . However, in all known instances, the Rashba bands remain spin degenerate along out-of-plane direction k z for k x = k y = 0, while they show spin splitting along the in-plane momentum directions, namely, k x and k y directions. While there is no principal symmetry exclusion argument against Rashba spin splitting along three momentum directions (3D Rashba spin splitting) induced by inversion symmetry breaking, its realization in an explicit material framework persists to be a challenging task.
In this work, we report the discovery of a giant anisotropic 3D Rashba-like spin splitting directly observed by spin-and angle-resolved photoemission spectroscopy (ARPES) in a binary compound: PtBi 2 . The spin-resolved ARPES employed the recently developed multichannel VLEED-type detector enabling fast mapping of a complete spin-polarized E(k) map [51] . The magnitude of the spin splitting is even stronger than that of BiTeI [35] . The observed spin splitting originates from the breaking of inversion symmetry of the PtBi 2 crystal structure(space group P 31m). In particular, the large spin splitting emerges at the M points of the Brillouin zone instead of the Γ point, where Rashba-type splitting is usually found. This bears crucial implications, rendering PtBi 2 unique among related material classes. The reduced point group symmetry at M along with the bulk inversion asymmetry allow the Dresselhaus-and Rashba-type SOC terms to cooperatively yield a large 3D anisotropic spin splitting with a helical texture around the M point.
Results
The crystal structure and Fermi surface of PtBi 2 . For trigonal layered PtBi 2 , two structural phases have been reported: space group P3 [52] and P 31m [53, 54] . Both phases are layered structures with each layer consisting of edge-sharing PtBi 6 octahedra, resembling the 1H-polytype of CdI 2 . ARPES results on the P3 phase have been reported very recently [55, 56] motivated by the discovery of giant linear magneto-resistance [57] . On the other hand, in the P 31m case, the distortion breaks inversion symmetry but the mirror symmetry is retained. Our X-ray singlecrystal structure analysis demonstrates that the PtBi 2 grown and studied in this work belongs to the P 31m space group with lattice parameters a = b = 6.5705Å and c = 6.1707Å as shown in Fig. 1 (a) and (b) (for XRD results, see supplementary). From the crystal structure in Fig. 1(b) , we can see that the Bi atoms in the layer above Pt atoms are coplanar while those below Pt are not.
This leads to ABC stacking of three inequivalent layers, clearly breaking inversion symmetry. The corresponding bulk Brillouin zone is drawn in Fig. 1 (c) in blue, and the projected surface Brillouin zone is sketched in orange. Fig. 1(d) shows the experimental constant energy contour of PtBi 2 at E b = 440 meV and around k z = 0, which is in reasonable agreement with the calculation for E b = 420 meV as shown in Fig. 1(e ). There are two six-pointed-star-shaped pockets around the Γ point and one triangular pocket at the K point. The elliptical contour around the M point and large closed pocket encircling much of the Brillouin zone arise from anisotropic spin splitting. In the following, we will focus on the band structure around the M point.
Rashba-like band splitting at the M point. The band dispersion along the Γ-M -Γ direction as measured by ARPES is displayed in Fig. 2(a) . It is evident that the bulk states exhibit large Rashba-type splitting with the crossing point at about E b = 520 meV. This observed splitting is consistent with theoretical calculations as shown in Fig. 2(b) . The calculated band structure of PtBi 2 along other special k lines can be found in Supplementary Figure 2 
where the first three terms are the quadratic and the other terms correspond to Rashba (α) and
Dresselhaus (β) SOC in the k x -k y (α 1 , β 1 ) and k x -k z planes (α 2 , β 2 ). The absence of rotational symmetry in the little group allows the coexistence of Rashba and Dresselhaus terms. It is usually forbidden when Rashba splitting occurs around Γ, taking BiTeI as an example [35] .
For the k z = 0 plane, the effective model is reduced to Fig. 2(c-e) . In our calculations, we also find a small but non-negligible out-of-plane spin component, which is attributable to the SOC terms in the k x -k z plane in the effective model.
We also show a 3D E(k x , k y ) map of the Rashba-like spin split bands as determined by ARPES in Fig. 4 (a) and the 3D electronic structure calculated within DFT in Fig. 4(b) . Selecting constantenergy contours at certain binding energies for comparison, we find reasonable agreement. To further demonstrate the effect of Dresselhaus-type SOC, we calculated the band dispersions considering only the Rashba-type SOC term but taking the anisotropic effective masses determined by ARPES. The obtained bands are shown in Fig. 4(c) . The most pronounced feature is that the band splitting along k x (red) is smaller than that along k y (blue). The two elliptic contours at Three-dimensional nature of the Rashba-like splitting. In order to investigate whether the Rasha-type spin splitting band is a bulk band or a surface state, we performed photon energy dependent ARPES measurements with more than 15 different photon energies. In Fig. 5(a-d) , we selectively present bands taken along Γ-M direction with photon energy of 9, 10, 11, 12 eV.
These bands show strong photon energy dependence, indicating strong k z dispersion. Based on the photon energy dependent ARPES measurements, we can obtain the band dispersion along M -L direction in the three dimensional Brillouin zone sketched in the inset of Fig. 5(e) . In order to obtain band dispersion along M -L direction, the extracted energy distribution curves at the M point taken at different photon energies are plotted as function of k z in Fig. 5(e) . In Fig. 5(e) , the band along M -L direction also shows similar band splitting comparing to that along Γ-M direction in Fig. 2 . The observed maximum energy splitting is around 160 meV, which is smaller than the 384 meV along Γ-M direction. It is worth noting that the value of 160 meV along M -L direction is already lager than that of Rashba splitting observed in the surface state of Au(111) [20] . The obtained band splitting along k z direction can be qualitatively captured by the calculated results as shown in Fig. 5(f) . The specific shape of the dispersions is a little different, which may be attributed to the poor momentum resolution along out-of-plane direction in ARPES measurements.
More importantly, our calculated results also verify that the split band is also spin polarized. Our results indicate that the band around the M point not only shows spin splitting in the k x -k y mo-mentum plane but also in the k x -k z plane, which is also consistent with the effective model in [36-38, 40-42, 45] , they remain spin degenerate along k z for k x = k y = 0 as sketched in Fig. 5(g) , indicating a 2D Rashba spin splitting. Our results therefore represent the first realization of the three-dimensional Rashba-like spin splitting in a real material and potentially unfold numerous promising applications.
Discussion
We have discovered a giant anisotropic 3D Rashba-like spin texture around the M points in a Supplementary Figure 1(a) , indicating the crystal surface is parallel to the ab plane. A low-energy electron diffraction (LEED) pattern of a cleaved PtBi 2 single crystal surface is shown in Supplementary Figure 1(b) , confirming the trigonal symmetry and high quality of the PtBi 2 crystal. The structure is determined by performing single-crystal X-ray diffraction measurements(see supplementary).
The ARPES measurements. ARPES measurements were carried out on beamline BL-9A of the Hiroshima Synchrotron Radiation Center (HiSOR) using both synchrotron radiation (photon energy hν = 8 ∼ 12 eV) and a Xenon lamp (photon energy hν = 8.4 eV) for photoelectron excitation sources. The total energy resolution was set to 20 meV and the base pressure was better than 5×10 −11 mbar. Spin-resolved ARPES measurements were carried out at the Shanghai Institute of Microsystem and Information Technology using a Xenon lamp and an imaging-type multichannel VLEED spin polarimeter [51] . The spin-resolved energy resolution was set to about 27 meV and the Sherman function S eff was ∼0.25. For all ARPES measurements, the samples were cleaved in situ and measured at a temperature of about 40 K. The Fermi level was determined by the measurement of a polycrystalline gold sample in electrical contact with the sample. All the experimental results were reproducible in multiple samples.
Theoretical calculation. Theoretically, we employed relativistic first-principle calculations based on the density-functional theory as implemented in the QUANTUM ESPRESSO code [58] .
The core electrons were treated using the projector augmented wave method [59] , and the exchange correlation energy was described by the generalized gradient approximation (GGA) using the PBE functional [60] . The cutoff energy for expanding the wave functions into a plane-wave basis was set to 50 Ry. The Brillouin zone was sampled in k space within the Monkhorst-Pack scheme [61] with a k mesh of 8×8×8, which achieved reasonable convergence of electronic structures. The calculations were done for nonmagnetic PtBi 2 with spin-orbit coupling. We used the maximallylocalized Wannier functions (MLWFs) to construct a tight-binding model by fitting the DFT band structure [62] , where 72 MLWFs were included. The spin polarization was calculated using this tight binding model. For all calculations, we used the experimentally-determined crystal structure (space group P 31m, a = b = 6.5705Å, c = 6.1707Å).
Data availability
The data that support the findings of this study are available from the corresponding authors It has been checked that the experimental data in b exhibits the same spin chirality as the calculated data in d. The scale bars in a, c and d represent spin polarization. 
